Carbon monoxide (CO) is a poisonous gas, recognized as a silent killer. The gas is produced by incomplete combustion of carbonaceous fuel. Recent studies have shown that hopcalite group is one of the promising catalysts for CO oxidation at low temperature. In this study, hopcalite (CuMnOx) catalysts were prepared by KMnO4 co-precipitation method followed by washing, drying the precipitate at different temperatures (22, 50, 90, 110, and 120 o C) for 12 h in an oven and subsequent calcination at 300 o C in stagnant air, flowing air and in a reactive gas mixture of (4.5% CO in air) to do the reactive calcination (RC). The prepared catalysts were characterized by XRD, FTIR, SEM-EDX, XPS, and BET techniques. The activity of the catalysts was evaluated in a tubular reactor under the following conditions: 100 mg catalyst, 2.5% CO in air, total flow rate 60 mL/min and temperature varying from ambient to a higher value, at which complete oxidation of CO was achieved. The order of calcination strategies based on activity for hopcalite catalysts was observed to be as: RC > flowing air > stagnant air. In the kinetics study of CuMnOx catalyst prepared in RC conditions the frequency factor and activation energy were found to be 5.856×10 5 (g.mol)/(gcat.h) and 36.98 kJ/gmol, respectively.
Introduction
The enormous interest has arisen for the oxidation of carbon monoxide (CO) at the ambient conditions, due to its emissions from various sources and a number of adverse effects on public health and an environment. Thus, CO has been termed as the silent killer for the 21 st century [1] . CO also called carbonous oxide is a colorless, odorless, tasteless, and nonirritating gas, which makes it difficult for humans to detect and is slightly lighter than air [12] . The toxicity of CO is due to its affinity for hemoglobin in the blood stream. Carbon monoxide is a poisonous and life-threatening gas to humans and other forms of air-breathing life, as inhaling even relatively small concentration of it can lead to serious injury, neurological damage and possibly death. When CO enters the bloodstream it combines with hemoglobin and forms carboxyhemoglobin, which reduces the oxygen-carrying ability of the blood. The huge amounts of carbon monoxide are emitted in the world, mainly from transportation; fireplaces; industrial and domestic activities [15] . The oxidation of CO at low-temperature is gaining a huge attention at a current scenario due to the application in many different fields. These include firefighting and mining [2] in the form of breathing apparatus. The three-fourth of all the hydrocarbons and CO are emitted during, a test run of the car in Cold-start conditions [3] .
In the beginning, more interest has been focused on catalytic control of CO emissions from automobile exhaust because it is dangerous for the environment [22] . On start-up car exhaust catalysts take a little time to become effective, and this primarily due to the time required to heat the catalyst using the exothermicity of the combustion reactions [21] . If the catalyst could be added that was very efficient for combustion at lower temperatures, then this initial warmup period could be shortened and the cold start problem can be solved [23] . In the past 35 years, catalytic converters have been installed on more than 1000 million vehicles around the world. The choice of the appropriate catalyst is an important step for improving the environment [14] .
After research for decades, two main types of catalysts for CO oxidation near room temperatures have been developed, the first type includes high surface area precious metal based catalysts and the second one incorporates transition metal oxide-based catalysts [13] . The most effective catalyst for CO oxidation at a low temperature in many years is known as hopcalite catalyst (CuMnOx), which is a mixture of copper manganese oxide [4, 7] . Sometimes it also contains Co2O3 and Ag2O. The activity of copper, manganese oxide mixture for low-temperature oxidation of CO is discovered by Lamb in the year 1920 [8] .
The catalytic properties of such a system called hopcalite were confirmed by Jones and Taylor in the year 1923; since that instant, hopcalite has become a well-known oxidation catalyst at a low temperature. Literature survey concludes that hopcalite catalyst is highly active in the amorphous state even at room temperature [9] . It is observed that hopcalite lose their activity after exposition at temperatures above 500 o C, where crystallization of the spinel CuMn2O4 occurs [4] [5] [6] . However, Schwab and Kanungo [5] reported that crystalline Cu2MnO4 is also active. These catalysts have been employed to oxidize environmentally damaging gasses at ambient temperature. A lot of interest has been applied to the modification of hopcalite catalyst in order to eliminate its faults of moisture deactivation and low activity [17] . The preparation of the catalyst by other methods including anti-solvent precipitation method, sol-gel method [7, 11] was reported to give better conversion than commercial hopcalite. The structural, morphological, and activation property of CuMnOx catalyst is depending on the preparation methods. Therefore, in the present study, CuMnOx catalysts were prepared using a novel redox method and their performance for CO oxidation was evaluated near ambient conditions [10, 19] .
In the present study, CuMnOx catalysts are prepared by co-precipitation method, and their performance for CO oxidation is evaluated at a low temperature [11, 19] . The effect of preparation parameters, drying time and calcination condition is highly affected by the performance of CuMnOx catalyst for CO oxidation [16] . The precursor material to the active CuMnOx for CO oxidation catalyst is a well-mixed copper nitrate and manganese acetate. This is subsequently heat treated using a relatively standard calcination procedure in air to form the active catalyst [15, 20] . The CuMnOx catalyst being produced under oxygen-rich atmosphere conditions and its confirmation of the retardation of copper oxide reduction of manganese phases under oxygen-deficient conditions, to produce residual Cu2O and Mn 2+/3+ oxide phases [17, 24] . The success of CuMnOx mixed oxide catalyst has prompted a big deal of fundamental work devoted to instructive the role played by each element and the nature of active sites [18, 25] . A better tool for CuMnOx catalyst performance for CO oxidation is to report the activation energy for the process. The activation energy data are enviable for the modeling and designing of the catalytic converter [15, 26] . The chemical kinetics establishes the factors, which influence the rate of reaction under consideration and it provides clarification for the measured value of rate and leads to the rate of equations, which are valuable in reactor design [27] .
The small amounts of promoters are added into the hopcalite catalyst; has improved their catalytic performance for CO oxidation reactions at a low temperature. The existence of active species of copper in the CuMnOx catalyst makes a strong interaction with manganese; therefore, it has made to be more oxygen vacancy on the surface of catalyst [18] . In the present study, we have prepared a CuMnOx catalyst and it's calcined by different methods like stagnant air, flowing air and reactive calcination conditions. The preparation of CuMnOx has been played an important role in the performance of the final catalyst. This paper showed that the calcination of CuMnOx catalyst by different conditions can modify the CO adsorption ability of the catalyst and thus affect the catalytic oxidation of CO. In the previous study, we have observed that the CuMnOx catalyst is also active for CO oxidation at a long time. In the previous study Hasegawa et [28] [29] 19] .
In this article, the effect of preparation method and calcination conditions on the activity of CuMnOx catalyst for CO oxidation has been reported. Tanaka and Co-authors also have demonstrated the total oxidation of CO by CuMnOx spinel oxide catalyst is 210 o C temperature [30] . The surface area of CuMnOx catalyst has highly effect on their catalytic activity and it has also discussed in this paper. According to Cai et al. the selection of proper precursors and precipitant prepared by the coprecipitation method is highly affected on the catalyst performance [8] . From the experimental results, we can get that the CuMnOx catalyst prepared by reactive calcination conditions is more active for the complete oxidation of CO as compared to stagnant air and flowing air calcination prepared CuMnOx catalyst.
Experimental

Catalyst preparation
The amorphous manganese oxide (AMO) catalyst was prepared by the reduction of potassium permanganate (KMnO4) with manganese(II) acetate tetra hydrate (of Mn (CH3COO)2.4H2O). A solution of Mn (CH3COO)2.4H2O (14.70 g in 33 mL H2O) was added drop wise to a solution of KMnO4 (6.32 g in 33 mL H2O) under vigorous stirring conditions. The resultant precipitate was stirred continuously for 4 h, filtered, washed, vacuum dried, and ground into powder. The above procedure was modified to prepare binary copper manganese oxides by adding 3.68 g of copper(II) nitrate (Cu(NO3)2.2.5H2O) to the manganes(II) acetate solution before reduction. The resulting precipitate was stirred continuously for 2 h [16] . The resulting precipitate was filtered and washed several times with ethyl alcohol and hot distilled water to remove all the impurity. The cake thus obtained was dried at different temperatures (22, 50, 90, 110 , and 120 o C) for 12 h into the oven. The precursor was calcined under different conditions such as stagnant air, flowing air and reactive calcination at 300 o C for 2 h. The nomenclature of the catalysts thus obtained after calcination is given in Table 1 . The catalysts prepared as above were stored in a capped glass sample holders placed in desiccators. The granules were crushed into powder and used without any further pretreatment.
Different calcination conditions
The catalyst precursor was calcined under the following three different conditions: (i) Stagnant air calcination: The calcination of the precursor was done in a furnace in the presence of stagnant air at a temperature of 300 o C for 2 h to produce the CuMnOx catalyst. The calcined catalyst was stored in an airtight glass bottle.
(ii) Flowing air calcination: The calcination of the CuMnOx precursor was performed in situ under flowing air in the reactor at 300 o C for 2 h, just before the activity measurement experiment. (iii) Reactive calcination: The calcination of the CuMnOx precursor was performed in situ under a flowing reactive mixture of 4.5% in COair at 300 o C for 2 h, just before the activity measurement experiment.
Characterization
The X-ray diffraction (XRD) measurement of the catalyst was carried out by using Rigaku D/MAX-2400 diffractometer with Cu-Kα radiation at 40 kV and 40 mA. The mean crystallite size (d) of the catalyst was calculated from the 
Catalytic Activity Measurement
The oxidation of CO was carried out under the following reaction conditions, 100 mg of catalyst with feed gas consisting of a lean mixture of (2.5 vol.% CO in air) and the total flow rate was maintained at 60 mL/min. The air feed into the reactor was made free from moisture and CO2 by passing through it CaO and KOH pellet drying towers. The catalytic experiment was carried out under the steady state conditions and the reaction temperature was increased from room temperature to 200 o C with a heating rate of 1 o C/min. To monitor the flow rate of CO and air through the catalyst in the presence of a reactor was done by digital gas flow meters. For controlling the heating temperature of catalyst presence in a reactor was done by a microprocessor based temperature controller. The gaseous products were produced after the oxidation reaction in a reactor was analysis by an online gas chromatogram (Nucon series 5765) equipped with a Porapak Q-column, FID detector, and a methaniser for measuring the concentration of CO and CO2. The oxidation of CO at any instant was calculated on the basis of concentration CO in the feed and product stream by equations (1). (1) where, the concentration of CO was proportional to the area of chromatogram ACO. The overall concentration of CO in the inlet stream was proportional to the area of CO2 chromatogram.
Results and Discussion
Catalyst characterization
The characterization of CuMnOx catalyst reveals the morphology, surface area, surface structure, phase identification, and material identification, etc.
Morphology of the catalysts
The textures property of the catalysts was analyzed by scanning electron microscopy (SEM). The SEM micrographs of catalysts formed under three different calcination strategies (Figures 1 A, B, C) show clearly large differences in the microstructure and morphology of the porous CuMnOx. They all show granular 
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particles between 5 and 10 nm calculated by "image j software" with varying degree of agglomeration.
As observed in the SEM micrograph, the particles were comprised, coarse, fine and finest size grains resulted by calcination in stagnant air, flowing air and in reactive calcinations respectively. Particles of the catalyst in calcination conditions are less agglomerated, porous and homogeneous as compared to other two samples. The size of particles presence in catalyst produced by stagnant air calcination is relatively very large and agglomerated than the catalyst in flowing air as well as in reactive calcination. The size of particles in CuMnSA catalyst is coarse, more agglomerated, lessporous and non-uniform. The structure of catalyst-CuMnFA is less agglomerated than catalyst-CuMnSA. The particles of catalyst-CuMnRC are least agglomerated, highly porous, high surface area and uniformly distributed. Thus, the different calcination conditions followed in the present study considerably affect the porosity, particle size, and morphology of the resulting catalysts.
Elemental analysis
After the SEM micrographs are taken, the elemental mapping is performed to determine the elemental concentration distribution of the catalyst granules by using Isis 300 software. It is clear from the results of the SEM-EDX analysis that all the catalysts samples were pure due to the presence of their relevant elemental peaks only. The SEM-EDX analysis is performed on different cross-sectioned marks of CuMnOx catalysts granules to determine the concentration of copper, manganese, and oxygen at different locations on the CuMnOx catalysts granular surfaces as shown in Figure 2 . It is very clear from the table and figures that the atomic percentage and weight percentage of Mn are also higher as the comparison of Cu and O.
In the reactive calcined prepared CuMnOx catalyst, there are three elements of Cu, Mn, and O present and shown in the Figure 2C . In Table 2 
Phase identification and cell dimensions
The phase identification and cell dimensions of CuMnOx catalyst in different calcination conditions were done by the X-ray powder diffraction (XRD) technique. The diffraction pattern of the catalysts is represented in Figure 3 .
The XRD pattern of the CuMnSA sample ( Figure 3) shows that the stagnant air calcined particles consist of CuMn2O4 were the crystalline major phase. The diffraction peak at 2θ of 43.95 corresponds to lattice plane (111) of facecentered cubic CuMn2O4 (PDF-32-0429 JCPDS file). The crystallite size of the catalyst is 4.70 nm. In the flowing air calcination of the sample (CuMnFA) was found that resulting Cu1.2Mn1.8O4 in a crystalline phase. The diffraction peak at 2θ of 37.20 corresponds to lattice plane (222) of face-centered cubic Cu1.2Mn1.8O4 (PDF-71-1144 JCPDS file). The crystallite size of the catalyst is 3.28 nm. In contrast, the XRD pattern of the CuMnRC sample was quite different from those of CuMnSA and CuMnFA sample.
It shows that the well crystalline phase was CuMnO2. The diffraction peak at 2θ of 36.96 corresponds to lattice plane (222) of end centered cubic CuMnO2 (PDF-75-1010 JCPDS file). The crystallite size of the catalyst is 2.71 nm. The refinement of the XRD pattern of the CuMnRC sample shows that there will be no impurity phases were present in the catalyst. The XRD data was further refined in order to gain more structural information on the CuMnOx phase's presence in the catalyst.
Identification of the materials
The FTIR transmission spectra of the CuMnOx catalysts are shown in Figure 4 . In the invested region (4000-500 cm -1 ) to obtain the entire absorption spectra peaks to indicates the presence of different elemental groups in all the samples of the CuMnOx catalysts. show hydroxyl group, and (532 cm -1 ) shows CuO group presence. The spectra of impurities like hydroxyl group at 3480 cm -1 decreases in the following the order: CuMnSA> CuMnFA > CuMnRC. Thus CuMnRC is highly pure as compare to CuMnFA and CuMnSA. All the sample of CuMnOx catalysts; which originates from the stretching vibrations of the metal-oxygen bond and confirm the presence of CuO and MnO2 phases.
Identification and quantification of elements
The oxidation state and atomic concentration of Cu-Mn mixed oxide investigated by Xray photoelectron spectroscopy (XPS) analysis. The XPS analysis is mainly used to understand the physical and chemical changes by exposure of gaseous molecule under different thermal conditions examined. Although it can be proposed that the high binding energy is preferably for the oxidation reaction. The Figures 5, 6 , and 7 displayed the spectra in the Cu(2p), Mn(2p) and O(1s) regions. The XPS spectra of Cu(2p) region is presented in Figure 5 . By performing peak fitting deconvolution the main Cup3/2 in all three calcination catalyst is Cu(II) oxide form. The binding energy of Cu(2p) in CuMnOx catalyst is stagnant air, flowing air and reactive calcinations condition is 935.8 eV, 934.2 eV and 936.5 eV, respectively. In Figure  5 , we have observed that the prominent peak of Cu(2p) level in CuMnOx catalyst is deconvoluted into five peaks centered and the highest binding energy were found in CuMnRC catalyst is 936.5 eV. It is very clear from the table and figure that the binding energy of Cu(2p) in CuMnOx catalyst is highest in RC preparation conditions as compared to flowing air and stagnant air prepared a catalyst.
The XPS spectra in the Mn(2p) region is presented in Figure 6 . By performing peak fitting deconvolution the main Mnp3/2 in all three calcination catalyst is MnO2 form. In the Figures 6 and 7 the prominent peak of Mn(2p) level and O(1s) level in CuMnOx catalyst is deconvoluted into double and single peak respectively. By performing peak fitting deconvolution the main Mn(2p) in all the three samples can be divided into three components including Mn 4+, Mn 3+ , and satellite. Since the differences between the binding energy values of Mn 3+ and Mn 4+ ions are small. The observed of Mn(2p) in CuMnOx catalyst is stagnant air, flowing air, and reactive calcinations condition is 640.6 eV, 641.2 eV, and 641.8 eV, respectively and it will be associated with the presence of Mn 3+ , Mn 4+ , and satellite in all the three samples.
From the Figure 6 , the broad Mn 4+ peak is presented in CuMnRC which indicated that the composition of Mn 4+ is higher than CuMnFA and CuMnSA. It is very clear from the figure that the binding energy of Mn(2p) in CuMnOx catalyst is highest in RC preparation conditions as compared to flowing air and stagnant air prepared a catalyst. The binding energy of O(1s) is display in Figure 7 (C). Generally, there are two different types of oxygen present in the catalysts with binding energy of (529.2- The content order of Oa/(Oa + Ol) ratio was shown as following: CuMnRC > CuMnFA > CuMnSA. The high amount of chemisorbed oxygen is preferable for increasing the CuMnOx catalyst activity of CO oxidation reactions. The extraordinary performance of CuMnRC catalyst produced by RC in CO oxidation is associated with their characterizations such as physical and chemical changes, binding energy and oxygen deficient defective structure which create the high density of active sites. So, RC route can be recommended for the synthesis of highly active catalysts. The presence of higher oxidation state phases could be the result of a greater degree of surface interaction between the easily oxidisable manganese phase and the highly reducible copper phase.
In addition, the interaction between the copper and manganese phases during decomposition facilitates the formation of stable metal oxide interfaces. These XPS results suggest that the most active catalyst (CuMnRC) had a relatively higher amount of lower valence manganese and loosely bound lattice oxygen. The presence of binding energy in CuMnOx catalyst as follows: CuMnRC > CuMnFA > CuMnSA. In the activity test, we have found out that the performance of CuMnOx catalysts for CO oxidation is in accordance with their characterization.
Surface area measurement of catalyst
The surface area of CuMnOx catalyst prepared by the precipitation method with a novel route in reactive calcination (267.80 m 2 /g) is much superior to those of the catalysts prepared by other calcination routes like flowing air (210.50 m 2 /g) and stagnant air (165.40 m 2 /g). It can be visualized from the Table 5 that the textural property of CuMnOx catalyst in reactive calcined are higher than other two catalyst samples of CuMnFA and CuMnSA. The isotherm gave useful information on the mesopore structure through its hysteresis loop. The prepared samples exhibited hysteresis loop, which indicated that the pores were exhibiting geometries of mesopores. The effect of different calcination conditions on the isotherms of CuMnOx catalyst. The specific surface area of CuMnOx catalyst is measured by BET and it also follows the SEM and XRD results.
The specific surface area and total pore volume were two main factors for the effect on the CuMnOx catalyst performance for CO oxidation reactions. The surface area and average pore diameter increased with the increasing of calcination temperature because a hightemperature treatment led to particle sintering therefore a loss in the active area. The larger number of more pores presence in a CuMnOx catalyst surfaces means a higher number of CO molecules capture on their surfaces, therefore, it shows better catalytic activity.
Catalyst Activity
Optimization of drying temperature of precursor on resulting catalyst for CO oxidation
The performance of CuMnOx catalysts was carried out to compare the efficiency of catalysts produced by drying the precursor at different temperatures (22-120 Table 6 and it's used to evaluate the activity of resulting catalyst. The characteristic temperature T10, T50, and T100 corresponds to the initially, half and complete oxidation of CO respectively. The activity of final catalyst increases with the increasing of precipitate drying temperature and in the activity test, we During the drying period, the CuMnOx solution may be retained by the porous support, and it may be migrated by capillary flow and diffusion, therefore; the solute redistributed by desorption and re-adsorption. When the solvent evaporates, precipitation of solute happens as the solution becomes supersaturated and brings crystallization of the CuMnOx precursors in the pores and an outer surface of the carrier. The solvent is removing during the drying process, and the concentration of precursor will raise therefore the critical supersaturating, precipitation will take place. The uniform drying of CuMnOx precursor reduces the convection so that more similar distributions are obtained in a catalyst.
Performance of CuMnOx catalyst for CO oxidation at different calcination conditions
Reactive calcination of CuMnOx precursor was carried out by passing a CO-Air mixture over the precursors at 160 o C temperature for some time then increased the temperature up to 300 o C. In the beginning, the limited rise in the temperature of precursor's crystallites due to very slow exothermic oxidation which ensures very slow decomposition of the precursor. Then after, slightly faster CO oxidation was observed. The effect of calcination strategies of the precursor on the produced catalysts towards CO oxidation is shown in Figure 9 . A comparison of light-off temperatures of all the catalysts produced by RC and traditional way of calcination are given in Table 7 . It is quite evident from the figure and table that the oxidation of CO was initiated at 25, 45, and 55 o C over CuMnRC, CuMnFA, and CuMnRC respectively. The total oxidation temperature of CO is 80 o C for CuMnRC, which was less by 40 o C and 80 o C than that of CuMnFA and CuMnSA respectively. The improved catalytic activity of CuMnOX (R.C.) can be ascribed to the distinc- (T10= 10% conversion, T50= 50% conversion, T100 = 100% conversion of CO) tive structural and textural characteristics such as the smallest crystallites of CuMnRC, highly dispersed and highest specific surface area with oxygen deficient crystallite structure which could expose more active sites for CO oxidation.
Further, relatively open textured pores of the catalyst favor easy diffusion of reactants and products and thus facilitate the oxidation process. It is apparent from the Figure 9 that the CuMnOx catalyst produced by following the novel route of RC of the precursors is more active for CO oxidation than the ones prepared by the traditional method of calcination of the same precursors in air. As the calcination conditions of stagnant air and flowing air affect the activity of resulting catalyst and Figure 9 also shows the comparison of CuMnFA produced by calcination in flowing air with CuMnSA and CuMnRC. It is very clear from Figure 9 that the activity of CuMnFA lies in between the activities of CuMnSA and CuMnRC. From the table and figure, we get that RC produced catalysts are more active than catalysts produced by conventional methods of calcination, whether it is in stagnant or flowing air. Thus, the activity order of catalysts obtained by various calcinations methods is as follows: RC > flowing air > stagnant air. The reason for the high activity of RC produced catalysts as compared to catalysts obtained by traditional calcination methods may be due to the combined effect of phases, high surface area, and smallest crystalline size.
The novelty of CuMnOx catalyst produced by RC is associated with the presence of nanosized major phases and usual morphology. The improved catalytic activity of CuMnRC can be ascribed to the unique structural and textural characteristics as the smallest crystallites of CuMnRC, highly dispersed and highest specific surface area which could expose more active sites for catalytic oxidation and relatively open textured pores which will favor for the adsorption of reactants and desorption of products and thus facilitate the oxidation process. Moreover, the presence of partially reduced phase provides an oxygen deficient defective structure which creates a high density of active sites as a result of reactive calcination, consequently CuMnRC turn into the most active catalyst.
The reactive calcination technique could be extended and expanded to provide a convenient strategy for the synthesis of oxide structures for several reactions in a single step minimizing the drawbacks of the conventional methods of two-step processes of calcination and activation. The high precision of EDX measurements and the morphological uniformity of the samples (examined by SEM) suggest that the elemental composition of CuMnRC synthesized using the redox method is homogeneous and it will be the major factors contributing to their high catalytic activity. The activity order of CuMnOx catalysts produced by different calcination conditions is in accordance with their characterization. Therefore, we can be summarized that the calcination strategies of precursor have great influence on the activity of resulting catalysts.
Kinetics study of CuMnOx catalyst
The significant kinetic data can be obtained from a packed bed reactor, only if the flow pattern within the reactor resembles plug flow. In the present study, the different concentration of CO present in air flows through the CuMnRC catalyst as shown in Figure 10 . In the experiments, we have taken 100 mg of the catalyst with CO flow rate (0.5-1.75 mL/min) and air flow rate (58.25-59.5 mL/min). The total flow rate (CO+Air) was maintained at 60 mL/min at the room temperature. The conversion of CO is highly depending on the catalyst temperature. It is important to determine the catalyst bed temperature gradients. The comparison of inlet and bed temperature for all the runs and the axial bed temperature profiles of selected runs showed that under most operating conditions, the reactor is sufficiently isothermal for this study.
The CO conversion is measured at the time on stream of 120 min (after the reactant gasses are introduced into the system), which should be sufficient to reach the steady state conditions. In Table 8 , we have observed that the CO flow rate (mL/min) at different temperature with the various CO conversion percentage. From the tables and figures, we get that (1.50 mL/min) CO flow rate in the air is the optimum flow rate of CO in the air and the complete conversion of CO at 80 o C temperature has occurred.
Weight hourly space velocity over CuMnRC catalyst
In the present study, the reaction conditions have been completely satisfied, and it implies that the reactor used behaving as an ideal plug flow reactor. The kinetic experiments repeated for feed composition at a temperature range (25-45 o C), to ensure that the data correspond to the linear change of CO conversion (XCO) with space-time (W/FCO) in the initial rates region in which the reaction is kinetically controlled. Therefore, the rate of CO oxidation in the plug flow reactor can be given as Equation 2.
-
where XCO is the conversion of CO and W/FCO is the weight hourly space velocity (WHSV). The constants in each model equations are combined as much as possible to minimize the number of unknowns and, therefore, the number of experimental data required. Many runs in the packed bed reactor are performed applying various values of WHSV. Variation in W/FCO is made by varying either catalyst weight or feed rate of CO and keeping the other parameters constant minimize the heat and mass transfer effects and to reach approximately the performance of differential reactor, the upper limit of CO conversion for each run is restricted to 15 %. The rate of reaction at any conversion can be obtained by measuring the slope on the curve, which was obtained by plotting XCO versus W/FCO values as shown in Figure 11 (Equation 3 ).
where k is the reaction rate constant, and CCO is the concentration of carbon monoxide, and CO2 is the concentration of oxygen. In this experiment a lean mixture of reactant, 2.5 % CO in the air is used; therefore oxygen is in huge excess, and the rate of expression reduces to the pseudo n th order Equation 4 or 5.
The data of partial conversion of XCO versus W/FCO at five different temperatures is shown in Figure 12 . The rate of reaction (-rCO) at a different degree of conversion for each temperature is determined by measuring the slope of curves. If the power law is applicable and -rCO versus CCO data are recognized at the constant temperature, n and k at that temperature can be determined from a plot of ln(-rCO) versus ln(CCO). The kinetic parameters (k and n) of the power law model for the oxidation of CO are determined from the slope and intercept of the plot ( Figure 13) . Order of the reaction is found to be 0.84. The rate constant, k, is a function of temperature and can be expressed by Arrhenius Equation (6) .
The activation energy (E) of the reaction can be evaluated from the slope of plot ln(k) versus 1/T as per Equation (9) . The linear plot was ob- 
On the basis of experimental results, the rate of CO oxidation in the temperature ranges of 25-45 o C on the CuMnOx catalyst can be expressed as follows:
-rP = 5.856×10 5 exp(-10839/RT)(CCO) 0.84 gmol/gcat.h
The above empirical rate expression can be adequately used for the design of catalytic converter used in automobile fuelled vehicles. The CO conversion (XCO) data taken at constant feed composition by varying space-time (W/FCO) are used to confirm the linear change characteristic of the initial rates region; the data with linear regression constants 99 % or better were . Arrhenius plot used in the subsequent individual rate calculations. The selectivity for CO oxidation is defined as the amount of oxygen consumed in CO oxidation divided by the total amount of oxygen consumed, taking into consideration reaction stoichiometry. The kinetics of low-temperature CO oxidation on CuMnOx catalyst is investigated at (25-45 o C) over a relatively wide range of CO (2.5 mol %) concentrations. The rate of CO oxidation increases with the increasing of O2 concentration. The CuMnOx catalyst used to plays an important mechanistic role in the oxidation of CO. This method provides a reasonable fit to the kinetic data from both aged catalysts.
Conclusions
It can be concluded that the drying and calcination strategies of precursor have a great influence on the activity of resulting catalyst. The optimum drying temperature of the precursor was 110 o C. The RC route was the most appropriated calcination strategy for the production of highly active CuMnOx catalyst for oxidation of CO. The calcination orders with respect to the performance of catalysts for CO oxidation were as follows: reactive calcination > flowing air > stagnant air. The performance of CuMnOx catalyst was in accordance with the results of characterization. The extraordinary performance of CuMnOx catalyst produced by RC for CO oxidation was associated with the modification in intrinsic textural and morphological characteristics such as surface area, crystallite size, particle size, and oxygen deficient defective structure which generate the high density of active sites. So, RC route can be recommended for the synthesis of highly active catalysts. The uniqueness of RC route was that it produces highly active catalysts in a single step of calcination route without any secondary activation. The kinetics study of CuMnRC catalyst for CO oxidation is done in a fixed bed plug flow reactor, and the kinetic data are collected under the conditions of free heat and mass transfer limitations. Intrinsic rate of air oxidation of CO over CuMnOx catalyst is determined as a function of temperature and the concentration in the temperature range of 25-45 o C. The rate of CO oxidation is given by:
(-rP)=5.856×10 5 exp(-10839/RT)(CCO) 0.84 gmol/gcat.h and activation energy is found to be 36.98 kJ/g mol.
